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ABSTRACT 


The performance cind suitability of various metal hydride 
materials were examined for use as possible hydrogen storage 
reservoirs for secondary metal-hydrogen batteries. 

Lanthanxim pentanickel hydride appears as a probable candidate 
in terms of stable hydrogen supply under feasible thermal condi- 
tions . 

A kinetic model describing the decomposition rate data of 
the hydride has been developed. 


INVESTIGATION OF METAL HYDRIDE MATERIALS AS 


HYDROGEN RESERVOIRS FOR METAL-HYDROGEN BATTERIES 


1. SUMMARY 


Important performance characteristics of metal hydride 
materials were evaluated for application as hydrogen storage 
reservoirs for secondary metal-hydrogen batteries. 

Among the four probably hydride materials examined, lan- 
thanum pentanickel appears as the most likely candidate for inte- 
gration into a metal-hydrogen battery. Its hydrogen supply rate 
during the battery discharge is sufficient over a wide range of 
temperatures. It exhibits the greatest tolerance of the gaseous 
environment of the battery. 

The other three hydride materials evaluated were iron- 
titanium, vanadium, and columbium. 

An experimental method was devised to obtain isothermal rate 
data of hydride decomposition. A kinetic model for the decom- 
position rate of lanthanum pentanickel v;as developed. It pre- 
sents an excellent qualitative description of all the aspects 
of the data. An approximate first order rate constant was 
obtained and compares well with data in -.he literature. 
Quantitative fitting of the model requires more data than was 
taken in this initial study. The model can be applied to describe 
other hydrides* suitable data of decomposition rates under iso- 
thermic conditions. 

An unsteady state analysis of the heat transfer between a 
typical nickel-hydrogen battery and lanthanum pentanickel hy- 
dride was done during discharge. The results indicate that the 
endothermic lanthanum pentanickel would not be thermally limited. 


2 . INTRODUCTION 


The purpose of this study was to investigate the perfor- 
mance characteristics of metal hydride forming materials to de- 
termine their suitability as hydrogen storage reservoirs in 
metal-hydrogen batteries^ ^ , 

The performance characteristics involve the hydrogen stor- 
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age capacity and the rates of hydrogen pickup and release as 
well as the compatibility with metal-hydrogen batteries. The 
thermal behavior of integrated hydride-battery systems and the 
modeling of the hydrogen supply race were also examined. 

Metal-hydrogen secondary batteries such as nickel-hydrogen 
(or silver-hydrogen) are created by the combination, for in- 
stance, of a secondary nickel oxide electrode of the type that 
is used in nickel-cadmium batteries and a hydrogen gas diffusion 
electrode o^ the type used in fuel cells. 

Upon charging the nickel-hydrogen battery, the nickel hy- 
droxide is converted to its charged state and on the surface of 
the hydrogen electrode, hydrogen gas is evolved. This gas must 
be stored for subsequent use in the discharge of the battery. 

In void vol\3me storage of typical batteries the hydrogen 
gas storage pressure reaches approximately 3,55 x 10* pascals 
(35 atm). With hydride storage, this maximum pressure can be 
reduced to about 3 x 10^ pascals (3 atm) , 

The take-up, storage, and release of the hydrogen gas by 
the metal hydride materials with respect to the operation and 
environment of metal-hydrogen batteries is primarily what this 
study is to characterize and evaluate. An application for 
metal-hydrogen batteries is in satellite power systems. A typ- 
ical duty cycle for the battery is presented in Appendix 1. 

Specifically, this study was concerned with the character- 
ization of four possible metal hydride materials that could 
operate in the specified temperature range of 0 to 50®C. These 
materials are vanadium, colurabiiam (niobium) , iron-titanium, and 
lanthanum pentanickel. 


3. MATERIAL CHARACTERIZATION 


Qualitative and quantitative analysis were made on each 
hydride material prior to testing. The major metal constituents 
and the major and minor impurities were identified using the 
methods of standard wet chemistry. X-ray spectrometry, and emis- 
sion spectrography . Combined oxygen, nitrogen, and carbon were 
analyzed at an independent laboratory using an inert gas fusion 
apparatus . 

The materials, vendors and vendor specifications are pre- 
sented in Table 1. The results of the analysis of the materials 
are presented in Table 2. 

The analysis of each candidate material prior to testing can 
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Vendor and Specification 


Ronson Metals Corp, 

67.5%Ni, 32.2%La, 
single phase, crixshed 
alloy 

Molybdenum Corp. 
of America 

68%Ni alloy 

National Lead Co. 

(sample from Brookhaven 
National Lab.) 

Dayton Research 
Institute 

53.83%Fe, 46.17%Ti 

Atomergic Chemetals 
Corapauiy 

99.9% dendritic prystals 

Atomergic Chemetals 
Company 

39.8% metal pellets 
(200 mesh) 

Atomergic Chemetals 
Company 

nuclear grade 


Atomergic Chemetals nuclear grade 
Company 







TABLE 2 MATERIAL ANALYSIS 


MATERIAL 

MAJOR 

' 

CONSTITUENTS 
(wcrt %) 





MINOR 

CONSTITUENTS (wgt %) 










Co 

A1 

Bi 

Cu 

Fe 

Mn 

Pb 

Si 

Ag 

Ti 

Cr 

02 

LaNi 

5 

No. 1 

67.49% 

Ni, 

32.15% 

La 

<.001 

<.001 

<.001 

m 

.01 

.001 

.001 

.001 

<.001 

<.001 <. 

,001 

130ppm 


2 

64.37% 

j.. 

31.28% 

La 

.03 

.04 

<.001 

WEm 

.01 

.001 

.01 

.05 

.001 

<.001 

.02 

2.7 







A1 

bi 

Ge 

Mo 

Ni 

V 

Sn 

Cu 

Mg 




FeTi 

NO. 3 

54.08% 

Fe, 

43.14% 

Ti 

<.001 

.005 

<.001 

.001 

.001 

<.001 

.005 

.002 

.003 

3600ppra 




4 

53.95% 

Fe, 

44.01% 

Ti 

<.001 

<.001 

<.001 

<.001 

<.001 

<.001 

<.001 

.005 

.002 

390ppm 









A1 

Si 

Ge 

Fe 

Mo 

Ni 

Ti 

• V 

Sn 

Cu 

Mg 


V 

NO. 5 

99.90% 

V 



<.001 

.010 

<.001 

<.001 

<.001 

<.001 

<.001 

i'Maj 

.001 

<.001 

.001 


Cb 

No. 6 

99.8% Co 



<.001 

.001 

<.001 

<.001 

<.001 

<.001 

<.001 

<.001 

.008 

<.001 

.001 


VH 

No. 7 

98.61% 

V 



<.001 

.01 

<.001 

<.001 

<.001 

<*001K.001 

Maj 

.001 

.001 

.001 


CbH 

No. 8 

98.60% 

Cb 



<.001 

.01 

<.001 

<.001 

<.001 

<.001 

<.001 

<.f'01 

.01 

<.001 

.001 










provide information about composition which may be useful in cor- 
relating perf'* nance veLriations. In this study, the purest mate- 
rials available were used in performance evaluation. 

In general, except for oxygen combined in the materials, no 
other measured minor constituent could be seen to significantly 
alter the behavior of the hydride materials. The analyzed pre- 
sence of carbon and nitrogen could not be seen to significantly 
alter performance. 

Certain hydride materials such as vanadium or colxambium 
are known to be sensitive to certain impuritiiis or trace additives. 

The impurities, mostly other metals, alter the disso- 
ciation pressures of the hydride. In some cases, crucible con- 
tamination during production of the hydride material could be a 
significant factor in reducing hydrogen capacity. Typically, 
these concaminants would appear as aluminum and silicon present 
in about ten times the normal impurity level. 


4. PERFORMANCE CHARACTERIZATION 


1. General Background 

A successful hydride material as a hydrogen reservoir for a 
metal- hydrogen secondary battery has to perform within certain 
specifications and restrictions. 

The hydride /battery system's electrical performance cannot 
be limited by the metal hydride's capacity, its formation 
(charging) rate, or its decompositi'^n (discharging) rate. Also 
its cycle life and resistance to the battery environment are 
important. All of these aspects must be known in the batteiy's 
operating temperature range of 0 to 50®C. 


The four particular candidate hydride materials were 
selected because in the temperature range of interest, their 
storage pressures do not exceed five atmospheres. 

The necessary equipment v:as constructed to measure the 
equilibrium pressure-composition-temperature (P-C-T) behavior 
and capacity, the rate of hydride formation and decomposition, 
and the cyclic hydriding hv'havior in various hydrogen environ- 
ments. 
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The equilibrium r^apacity of the metal hyciride is important 
and relates to battery capacity* hydride weight and pressure 
levels. The intrinsic rates of formation and decomposition of 
the metal hydride should not be below the battery's use rate. 

The repeated cycling ability of the hydride materials should 
match that of the battery's. 

Other characteristics that are important to hydride/battery 
design are the heats of hydrice decomposition and energy of 
activation. The activation oi the metal hydride and its handling 
characteristics are also important in selecting the hydride 
material. 


2. Apparatus Description 

a. Equilibriiam Pressure-Composition-Temperature (P-C-T) 
Apparatus 

The apparatus for obtaining the P-C-T behavior of the hy- 
dride materials in the 0 to 50®C temperature ranae is shewn 
schematically in Figure 1. The equipment measures the amounts 
of hydrogen given-off and taken-up by a given sample of metal 
hydride at a given temperature and at the corresponding pressure. 
The moles of hydrogen transferred are simply estimated by measur- 
ing the pressure changes in a known volume tank held at constant 
temperature. 

The sample of the hydride material, usuc.lly five to ten 
grams, is held in a small volume cylinder, about 20-30cra^. The 
hydride is acti^^ated in this vessel in a separate activation 
apparatus and then transferrel to the equilibrium apparatus. A 
sample vessel shut-off valve prevents hydrogen loss or contamin- 
ation. The P-C-T apparatus is then evacuated, purged with heli- 
um, evacuated, and filled witn hydrogen before the sample valve 
is opened. The hydrogen gas used in all tests was purchased to 
a purity of 99.995% or better. 

In the sample vessel, stainless steel balls of 1.59 mm and 
3.18 mm diameter were dispersed with the hydride material. 

These increased the heat capacity and heat conduction through 
the powdered hydride material to aid in maintaining isothermal 
conditions. The entire sample holder including a large two 
micron sintered stainless steel filter was immersed in a 
stirred water bath. Thermocouples inside the cylinder, on the 
outside wail, and in the water bath monitored the temperature. 

A large calibrated volume cylindrical tank (about 2.6 
liters) was used to collect the hydrogen releiised by the hy- 
dride from the small volvLAe cylinder. The sample holder and its 
connecting tubing and valves ameunt together to slightly less 
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FIGURE 1 SCHEMATIC DIAGRAM OF P-C-T AND RATE APPARATUS 





than 3% of the volume of the large tank. 

The large tank, tubing and valves were all enclosed in a 
large insulated box that formed the controlled air bath. The 
tank temperature could be maintained within ± 2®C during the 
duration of experimentation, and within ± 0.1®C dviring any one 
collection of hydrogen. Thermocouples inside and outside the 
tank monitored the temperature. 

The moles of hydrogen in the tank were estimated using the 
ideal gas law, knowing the volume and temperature, and measuring 
the pressure in the tank, The tank and sample pressures were 
measured with pressure transducers accurate to ± 0.1%. Digital 
readout meters and chart recorders were used to read the press- 
ures. 


Equilibrium was allowed to establish before and after hy- 
drogen transfers for periods of several hours until no pressure 
or temperature changes were detected. Small amounts of hydrogen 
were collected at any one time in discharge periods up to 30 
seconds. The sample container was then closed and allowed to re- 
equilibrate. In this way the pressure-composition isotherm was 
constructed over the range of hydride composition. 


b. Metal-Hydride Rate Apparatus 

The apparatus used to measure the isothermal rates of hy- 
dride decomposition is the same P-C-T apparatus shown in Figure 
1 but operated in a different manner. The difference is that 
the time of hydrogen discharge into the tank is kept very short 
('v^ 10 seconds) and the measured pressure rise in time in the 
measuring tank gives the estimate of the rate. 

The very short discharge time permits the maintenance of 
isothermal conditions of the hydride sample. The thermocouple 
inside the sample vessel did not vary more than 1°C in the 10-15 
seconds of discharge. 

The overall transfer rate is calculated from the change ii- 
moles of hydrogen in the tank during the time interval of hy- 
drogen transfer. Using the ideal gas law, the change of pres- 
sure in the constant volume, constant temperature tank represents 
the moles of hydrogen entering the tai'.k. 

The increase in moles of hydrogen in the tank in the short 
discharge time was easily obtained from the slope of straight 
rising pressure lines on a chart recorder. The chart record 
showed an initial jump to a higher pressure level in less taan 1 
second (representing the void volume equilibration between 
vessels) which was followed by a constant rising pressure in the 
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remaihihg 10 secbhas. beyond 10 or 15 seconds the strai'^^ 
pressure rise would cease and produce a curve. At this point 
the hydride was beginning to cool by several degrees. 

The overall rate of isothermal decomposition is thus ob- 
tained from a series of short time discharges freon the san^le 
holder into the mole measuring tank. The overall rates Ccui be 
measured over the 0-5 0®C range of this study by maintaining the 
teirperature of the sample holder. 

Also, the parameter of backpressure in the tank as seen by 
the sample can be varied to study this effect and yield intrin- 
sic rates at near sero backpressure. The hydrogen backpressure 
in the tank can be varied from zero to the isotherm equilibrium 
pressure. The change in tank backpressure during the short dis- 
charge times was very small; the maximum pressure rise in the 
tank was about 2.07 x 10** pascals (0.2 atm) with the extrane 
situation of vacuum initially in the tank amd the lanthanum 
pentanickel hydride hydrided fully at 2.21 x 10® pascals (2,2 
atm) . 


c. Hydride Cycling Apparatus 

The ability of the hydride materials to pickup and release 
hydrogen repeatedly was tested in various forms of a cycling 
apparatus shown schematically in Figure 2 A and B. The cycling 
performance was conducted and measured under three different 
conditions. One cycling apparatus tested the hydriding and de- 
hydriding with pure, dry hydrogen. Another tested the cycling 
performance with pure hydrogen gas saturated with water. The 
third cycling test involved the hydride operating in a two amp- 
hour nickel-hydrogen test battery. Here the effects of the ac- 
tual environment of the battery during charge, discharge and 
stand were examined. The combination of the results show di- 
rectly and indirectly the effect on cycle life of various com- 
ponents present in a battery environment. 

The dry hydrogen cycling apparatus shown in Figure 2 A in- 
volved simply a 20cc sample holder and timer-controlled solenoid 
valves directing fresh hydrogen to the sample, and exhaust hydro 
gen out of the sample. The sample holder was immersed in a room 
temperature water bath. The flow rates of hydrogen in and out 
were set such that the filling or discharging were about 80% 
completed in the 30 minutes each solenoid valve was open. Ex- 
haust tubing was made rather long to reduce back diffusion of 
oxygen and room gases. About 80 to 85% of the hydrogen in the 
hydride was transferred in the 30 minute periods. Periodically, 
the exhausted hydrogen was collected to record capacity against 
cycle number. 
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The wet hydrogen cycling apparatus was identical to the dry 
apparatus except that the hydrogen went through a high pressure 
bubbler before contacting the hydride. In this way a certain 
amount of water vapor (14*C dew pt) was introduced. The appara- 
tus was operated in the same manner as the dry cycler. 

The third cycling performance apparatus shown in Figure 2B 
contained several electrodes forming a 2 amp-hour nickel-hydro- 
gen battery that was operated with the hydrogen stored and re- 
leased by the metal hydride. 

In a heavy-walled stainless steel cylindrical test vessel, 
several disk-shaped electrodes were placed under a disk-shaped 
hydride sample holder. The holder was simply two doughnut shaped 
plastic disks that captured two circular sheets of porous Teflon 
film. The hydride material was held between the films. The po- 
rous Teflon film allowed gas passage but prevented any liquid 
passage, such as condensed water vapor cr electrolyte. 

This sandwich disk hydride holder was positioned on one side 
of the hydrogen electrodes. This produced a very short heat 
transfer path between the hydride and the electrodes. The void 
volume of the cell was determined with helium to be about 82cc. 

The operation of this battery was controlled by an automatic 
charge and discharge controller. The cyclic operation v/as divi- 
ded between 4 hours of charge at 0.6 amps and 4 hours of discharge 
at 0.5 amp. This cycle allows sufficient time for heat dissipa- 
tion so that the heat transfer rate would not control the hydride 
pickup and release of hydrogen. Also this test was designed to 
be limited by the capacity of the hydride, not by the active 
nickel compound in the nickel electrode. In this v/ay the perfor- 
mance of the total unit is dependent directly on the performance 
of the hydride. 

The real environment for the hydride in a battery contains 
water vapor of the battery plus some oxygen which is produced 
near the end of charge. The oxygen produced during overcharge at 
the positive electrode surface is recombined without any diffi- 
culties at the hydrogen electrode. 


3. Experimental Results 

a. Initial Cycling Tests 

Various cyclic performance tests of the candidate materials 
showed in early stages that some materials would probably be un- 
suitable in operation in conjunction with a m.etal- hydrogen bat- 
tery environment. Henceforth, to use the program time most 
effectively and not to reproduce information in the literature 
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not all hydride materials were tested in all aspects of this pro 
gram. 


One important point about the environment in a metal-hydro- 
gen battery developed. The bulk of the hydrogen atmosphere in 
the battery always will contain water vapor and an estimated one 
percent level of oxygen during the end of a normal charge period. 

It is known that the presence of oxygen will tend to deacti- 
vate any activated metal hydride and reduce its hydrogen capacity. 
However in several feasible designs it is possible to restrict 
oxygen from contact with the hydride. But keeping the water va- 
por in the battery away from the hydride is virtually impossible 
without elaborate procedures. Therefore for any of the hydride 
candidates to perform successfully in a battery, they must per- 
form in the presence of water vapor. 

The hydride material most suitable for operation under these 
conditions is lanthanum pentanickel. Vanadium, columbium, and 
iron-titanium hydride degrade rapidly in hydrogen capacity in the 
presence of water vapor. 

Tests in the wet hydrogen cycler (room temperature i.e. sat- 
urated hydrogen) confirm the information in the literature about 
the rapid deactivation of vanadium and columbium. (‘*) Within five 
to ten cycles of wet hydrogen up-take and release the capacity 
dimished by at least ninety percent. On the other hand, lan- 
thanium pentanickel showed a fifty percent capacity reduction only 
after 2100 cycles. 

The available samples of iron-titanium v;ere not successfully 
activated to their fully hydrided state of approximately two 
atoms of hydrogen per one iron-titanium pair. Only about 1.2 
atoms of hydrogen was obtained. Under this incomplete hydrided 
state and coupled with literature indications that suggests that 
iron-titanium is as sensitive to v;ater presence as is vanadium 
and columbium, (^) the iron-titanium was not completely character- 
ized. 


Henceforth the study concentrated on various aspects of per- 
formance of lanthanium pentanickel hydride as the material for 
possible reservoir use in metal-hydrogen batteries. 

b. Hydrogen Cycling Study 

The lanthanum pentanickel hydride is seen as the only hydride 
material at the present time capable of sustained performance in 
a metal-hydrogen battery system. 

The results of the cycling performance of five grams of lan- 
thanum pentanickel in the 2 amp-hour nickel-hydrogen battery is 
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shovm in Figure 3. The pressure in the 82cc void volume contain- 
er \:^on charge shov»s a plateau at 3. 75 x 10^ pascals (3.7 atmy . 
Without any hydride in the container/ the pressure would rise to 
1.825 X 10® pascals (18 atm) upon charge completion. As the cy- 
cles of charge and discharge progressed, the end-cf-charge pres- 
sure increased. This indicates a cummulative deactivation of the 
hydride resulting in more hydrogen being stored in the void vol- 
unte of the container and less and less in the hydride. _ 

The reason for the decay in hydride capacity in the test 
nickel-hydrogen battery was due to the presence of water vapor 
and/or oxygen. It is unlikely that the potassium hydroxide 
electrolyte could have migrated from the cell matrix and through 
the Teflon films holding the hydride and caused the cummulative 
decay. Even if liquid electrolyte did reach the Teflon film 
layer, it is the general experience that without carbon dioxide 
gas (to form potassium carbonate which acts as a wick that grows 
through the Teflon pore structure) very little potassium hydrox- 
ide can penetrate the Teflon layer, 

The sample of hydride in the battery was analyzed for oxygen 

^content after the 120th cycle. The level of oxygen content after 
120 c^les analyzed by inert gas fusion techniques was 4.7%. 
Samples of uncycled hydride analyzed for oxygen yield concentra- 
tions from only 130ppm to 0.8%. This points to the fact that 
oxygen in the battery has a significant effect on the hydride 
performance. V?ater vapor or water vapor plus oxygen could also 
have contributed largely to hydride decay. Therefore, the dry 
and wet hydrogen cycling tests were established to test this 
hypothesis. 

The results from the dry and wet hydrogen cycling apparatus 
are shown in Figure 4. The lanthanum pentanickel hydride in the 
dry cycler showed a 23% reduction in hydrogen capacity at 1000 
cycles. In the wet cycler apparatus the capacity was reduced by 
39% after 1000 cycles. The vanadium and columbium hydrides de- 
cayed practically immediately v/ith wet hydrogen negating their 
use as reservoirs in metal-hydrogen batteries. 

The cycling ability of lanthanum pentanickel increased in 
the dry and wet hydrogen apparatus over its cycling performance 
in the nickel-hydrogen 2 Amp-hour test battery by a factor 
greater than ten. This suggests that oxygen contact in the 
battery along with control of oxygen levels is an important fact- 
or in hydride/battery design. 


c. P-C-T Equilibrium Study 

The equilibrium pressure-composition-temperature relations 
for lanthanum pentanickel are shown in Figure 5 from 0 to 38®C. 
These isotherms were obtained by following the incremental decom- 
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eOUIUBRIUM PRESSURE, (otm.) , ( 1 atm : 1-01325 X 1C? pascals ) 
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FIGURE 5 FOni LIBRIUM PRESSURE-COMPOSITION -TEMPFRATURE 
RELATION FOR LANTHANUM PENTANICKEL 
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position of the hydride fr«a its fully hydrided estate, - 

The behavior and pressure levels confirm within 10% the 
isotherms present in the literature, The 0®C isotherm Is new 
information however, and it shows an equilibritan pressure plateau 
level from below 1.0 x 10® pascals (1 atm) to about half that val- 
ue. 


Isotherms teiken in the reverse direction (i.e., formation of 
the hydride) shows in the literature slightly higher pressure 
plateaus (as a hysterisis behavior) . But for the battery appli- 
cation of interest, the discharge or hydrogen-release situation 
is more important for design purposes. The reason for this is 
that the time available in a probably mission cycle for charging 
(hydride formation) usually substantially exceeds the discharge 
time. Hence the formation of the hydride at a sligntly higher 
pressure which results in an identical fully hydrided end point 
with respect to pressure is not an important performance charac- 
teristic. The shorter discharge time behavior characteristics 
would be controlling in the system design. 


d. Hydride Decomposition Rate Study 

The rate at which hydrogen is released by the hydride is 
crucially important in design of hydride materials in metal-hy- 
drogen batteries. The knowledge of the dependence of this hydride 
decomposition rate upon temperature and the hydrogen backpressure 
is necessary. 

The hydride formation rate though important is not critical 
with respect to the metal-hydrogen battery mission operation as 
the charge or formation time is greater than the discharge time. 
The battery system design is controlled mainly by its discharge 
characteristics , 

The measured isothermal rate of hydride decomposition at 
various temperatures is presented in Figure 6, This rate is 
nearly the intrinsic decomposition rate as is explained later. 

It is presented as (cc of hydrogen at STP per minute per gram of 
lanthanum pentanickel) . The rate is scaled to the amount of lan- 
thanum pentanickel as is generally the case in gas-solid reac- 
tions with consumable solids (in this case the hydrided metal 
portion of the lanthanum pentanickel) . Also the rate is plotted 
against hydride composition which shows the natural decline in 
rate as the hydride depletes. 

In kinetic studies it is more conventional to plot rate against 
time rather than against composition. But measuring rate dir- 
ectly and continuously with time is extremely difficult because 
the temperature drops severely. Maintaining isothermal conditions 
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would have required conplicated procedures. However^. an indir- 
ect method (which will be discussed later) was devised to con- 
struct the more conventional rate versus time discharge plots 
which are useful in kinetic studies. 

The values of the discharge or hydride decomposition rate 
at probable battery operating temperatures betv;een ab. ut 25®C and 
down to 0®C exceed the battery demand rate which is given as the 
"IC" rate point, about 3.4cc hydrogen per min. per gram lanthanum 
pentanickel. The "C" rate for battery discussion purposes is 
that rate at which all the energy stored in any given battery is 
taken out in one hour. As is shown in Figure 6, at 38 and 55®C, 
where the discharge rates are very high, the measurement error 
becomes quite large. The difficulty was with the limit of the 
apparatus measuring these extremely high values which were about 
100 times the 1C rate. 

The rates plotted in Figure 6 are nearly the maximum intrin- 
sic rate of decomposition. The near vacuum conditions (0,07 atm) 
in the mole measuring tank have an immeasurable backpressure 
"suppressing’' effect on the intrinsic decomposition rate. 

In Figure 7 the hydride decomposition rates are shovm for 
various tank backpressures at 21®C which significantly reduce the 
intrinsic decomposition rate. Knowledge of this behavior is nec- 
essary i or battery design as the normal operating hydrogen pres- 
sure in the battery is certainly above vacuum conditions until 
possibly the end of discharge when nearly all the hydrogen could 
be depleted. The behavior represented in Figure 7 is also help- 
ful in interpreting and describing the kinetic behavior in terms 
of a model. 

As previously mentioned, experimental attempt.-? to directly 
measure isothermal rates of decomposition in time have not been 
completely successful without complicated precautions. Gen- 
erally,- isobaric measuremei cs are made rather than isothermal 
measurements. The method developed in this study of increment- 
ally measuring the rate in short time discharges maintains iso- 
thermal conditions, but the time of discharge disappears from 
the direct data. Hence this is the reason for plotting rate 
against composition, which for battery evaluation purposes is 
immediately useful. However, for kinetic studies, rate against 
time is more conventional. But the two approaches or plots are 
equivalent. 

The rate versus time plot is constructed and shown in Figure 
8, The plot was constructed by dividing the rates in Figure 6 
into small increments of hydride composition. In each increment 
the rate is then taken as an averaged constant valve ard the 
amount of hydrogen in that increment is known. The division of 
the incremental hydrogen amount h, the average rate yields the 
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FIGURE 7 decomposition RATE OF LANTHANUM PENTAtJICKEL HYDRIDE 

AT VARIOUS BACKPRESSURES 



time point associated with that rate value. The horizontal lines 
in Figure 8 represent that averaged rate value over the increanent 
of time. An approximate straight line was drawn to envision the 
behavior and yield an approximate slope. By taking more and 
smaller increments in Figure 6 (ideally aided by a computer) a 
smoother plot could be made. The equivalence of the two plots of 
rate are shown later in the section on the kinetic model. 


e. Heat of Reaction and Energy of Activation 


From the lanthanum pentanicke l rate da -a, the values of rate 
constant, energy of activation, and heat of the decomposition 
reaction were estimated. The values derived from the results of 
the present data compare well with the literature values. 


The rate constants agree closely with what is available and 
are discussed in the next section. The energy of activation was 
estimated assuming an Arrhenius type relation for the rate con- 
stant as 11. 4kcal/gmo]e H 2 v;hich compares well with 12kcal/gmole 
in the literature. 


^‘2 


The heat of decomposition reaction given in the literature 
(^,®) for lanthanum pentanickel at 25"C is 7 - 7,6 kcal/gmole H , 
The calculated value from the equilibrium data using the van Ho?f 
relation is 7.9 kcal/gmole H 2 . 


5, DESCRIPTION MODELING FOP SYSTEM DESIGN 


1. Decomposition te Model for Lanthanum Pentanickel 

The decomposition r ce of lanthanum pentanickel hydride as 
shown in Figures 6 and 7 is a function of the hydride concentra- 
tion, the pressure of hvdrogen, and temperature. First attempts 
in the literature (®) ascribed a first order rate dependence 
with hydride concentration and a linear dependence on the differ- 
ence between equilibrium pressure and backpressure. This ap- 
proach is in the right direction but it does not completely ex- 
plain the data because it neglects the backward rate of hydrogen 
sorption. 

That first model predicts a decrease in the slope of the rate 
(plotted against hydride concent- it ion) with an increase in the 
backpressure. The data in Fig”.re 7 shows an increase in slope 
with an increase in backpressure. 

A model was developed in this stud that better expresses 
the behavior of the data. The expression cf the decomposition 
rate is derived from a combination 01 a “forward" rate for hy- 
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FIGURE 8 CONSTRUCTED RATE VERSUS TIME AT VARIOUS TEMPERATURES 


dride decomposition and a "backward" rate for hydride formation. 

The forward rate is asstmted to have a first order dependence on 
hydride concentration and the backward rate is dependent on hy- 
drogen backpressure and a metal (non-hydride) concentration. The 
hydride and metal concentrations are related through stoichiometry. 

The difference between these two rates expresses a net rate 
of decomposition. This is the rate that is measured experin^n- 
tally assuming isothermal conditions and no significant mass 
transfer limitations in the measurement. 

Hence , 

[net rate of decomposition] = 

[hydride decomposition rate] - [hydride formation rate] 

By the law of mass action , the measured rate is expressed as 

R = k [H] - k P [M] Eq. (1) 

d h 

where 


k and k are the rate constants for the for^vard (decom- 
d h 

position) rate and the backward (hydriding) rate, 

[H] is the hydride concentration (related to x commonly 
used for the hydrogen atom number in the hydride formu- 
la) , 

[Mj is a metal (non-hydrided) concentration, and 
P is the hydrogen backpressure. 

By a mass balance on the sOo.id material at any time, 

[H] + [M] = Cq Eq. (2) 

where 


[H] and [M] are related to volume fractions for the 

material present and 

Cq is some initial concentration 

Typically for a fully hydrided lanthanum pentanickel sample 
at room temperature, Cq is related to the hydrogen atom number of 
6.7 (i.e., fully hydriaed state). Unfortunately the molar vol- 
umes of the compound and solid solutions are not known precisely. 
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Also, if some additional material behaves as an inert component 
it should be accounted for in Equation (2). 

Now eliminating [M] from Equation (1) using Equation (2) 
yields 

R = (k + k P ) [H] - k C P 

d h Hj h 0 Ha Eq. (3) 

The expressed rate, R, agrees qualitatively with the lantha- 
num pentanickel decomposition data at 21®C at various backpres- 
sures as presented in Figure 7, 

The IH] axis intercept (or x axis for LaNisH^) would increase 
with increasing backpressure as the data in Figure 7 shovrs and 
Equation (3) predicts. The slope of the rate versus hydride com- 
position also increases with the hydrogen backpressure. 

From zero backpressure data or approximately from the near 
zero backpressure data in Figure 7 the value of k, can be ob- 
tained as simply the slope. The value of kj^ can Be determined 
from the slope of the higher backpressure data using the value 

determined for k, and the relation 

a 

k + k P = slope Eq. (4) 

d h 

A value for the first order forward rate constant was ob- 
tained from the_data in Figure 7 in this manner. The value of 
k^ was 0.14 min”^ at 21®C. This compares closely to available 
data on lanthanum pentanickel^®' That data is not isothermal, 
but isobaric; however, for very short times the data is approx- 
imately isothermal and yields a value for the forward rate con- 
stant as approximately 0.1 min”\ 

The constructed rate versus time plot in Figure 8 also . 
yields the same value for the forward rate constant. This shows 
the equivalence of Figure 7 and Figure 8, the more conventional 
method of plotting gas-solid rate behavior. 

The value of the backward rate constant obtained is not con- 
stant for the three backpressures of the data in Figure 7. Two 
of the three values are very close. To obtain a better estimate 
of kj^ from the data using the model requires more refined experi- 
mentation than was accomplished in this initial investigation. 

However, an attempt was made to fit the rate data at 21°C 
and various backpressures to the model. The results are shown in 
Figure 9 for (1), (the solid lines) the case where the constants 
in Equation (3), namely k , k , C are taken as the best esti- 
mates given by the data; and x2),®(the dotted lines) the case 
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where the parameter values kj, were changed arbitrarily to 
produce the best coincidence with the data. The fit in either 
case is limited. The solid and dotted lines do in a manner en- 
close the data, suggesting qualitatively the correct behavior. 

The questions raised by the quantitative determination 
attempt in Figure 9 are interesting. The model may predict that 
the observed 6.7 atoms of hydrogen per lanthanum pentanickel may 
not be the maximum theoretical value. There are some ideas that 
6.7 atoms of hydrogen possibly may not be a maximum theoretical 
value for lanthanum pentanickel, such as the free fit in Figure 9 
suggests \Aj^h its value of approximately 9 atoms of hydrogen. 

This aspect is quite speculative at this point, but it is not un- 
reasonable. 

The analysis depicted in Figure 9 would be enhanced if the 
model considered the change in volume that occurs during hydride 
formation and decomposition. The 25% volume change is signifi- 
cant but v;as neglected in the initial model development. Add- 
itional model investigation and experimentation is required to 
clarify these points. 

Another interesting and important result is obtained when 
the model rate expression, i.e, Eq. (1) is set equal to zero. 

Zero rate implies equilibrium and the resultant expression gen- 
erally predicts the equilibrium pressure-composition isotherms' 
shape. 


Setting R = 0 in Eq. (1) and using Eq. (2) yields 

(Ph,) 

"2 eq = 


/ ^^d 

\ eq — 


[H] gq 

Eq. (5) 

\ Hi 

' eq 

\V 

[H] gq] 



In Equation (5), thinking of (PHs^eq f^leg 
variables (at constant temperature) yields qualitatively the ob- 
served isotherms' shape. 


Furthermore, if the shape of the equilibrium pressure-com- 
position isotherm (as in Figure 5) is considered to be the sum of 
a base compound pressure and the pressure given by Eq. (5) , then 
the follov;ing expression results. 


(measured equilibrium pressure) = 
[Pcompound] eq ^ ^^Hj^eq = 


[Pcompound) 


eq 



eg 

rc^rnT^] 


Eq. (6) 
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Eq. (6) does have the necessary elements to produce the 
approximate form of the measured isotherms. The pressure tends 
to become infinite when [H] = as the isotherms cend to show. 

And depending on the magnit^Se of the terms in the ratio in Eq, 

(6) , a plateau region could be described. This is still a tenta- 
tive point in the overall application of this model. 


2, Thermal Analysis of Hydride/Battery Integration 

The hydrogen production in any system utilizing metal hy- 
drides is greatly dependent upon temperature. This section pre- 
sents the analysis of the thermal energy balance between the 
metal hydride and the metal-hydrogen battery held in close prox- 
imity in the same container. Proper analysis is needed for this 
system mainly because the heat available from the battery to the 
hydride is not present in a large excess. 

If it were not for oxygen contamination of the activated 
metal hydrides, the most desirable place in terms of heat trans- 
fer to have the metal hydride Vvould be between the electrodes of 
the nickel-hydrogen battery. This would represent a space and 
thermal energy efficient design. However there is no practical 
way to prevent the very small levels of oxygen from contacting 
the sandwiched hydride layers. 

Therefore tv;o other possible designs are considered that 
place the hydride in good thermal proximity but allow some method 
of oxygen control. These possible arrangements of the hydride 
are shown in Figure 10. 

Case I shows the hydride contained in a very thin annular 
region about the cylindrical battery stack. In case II, the hy- 
dride is held in a thin wall tube positioned down the center of 
the stack. Each of these cases is analyzed considering unsteady 
state heat conduction from the heat source of the electrodes to 
the heat sink of the hydride during the time of discharge of the 
battery. The detailed analysis for each case is presented in 
Appendix 2. 

The resultant governing equations were applied to a typical 
20 amp-hour nickel-hydrogen battery. The hydride property values 
v/ere taken for lanthanum pentanickel hydride; also the system was 
applied to show how a hydride with a heat of reaction twice that 
of lanthanum pentanickel would behave in the battery system. The 
results of the analysis are shown in Figure 11 as hydride temper- 
ature change during the battery's discharge period. 

3. Design Recommendations for integrated Ilydride/Battery 

Systems 
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• CASE I: METAL HYDRIDE in ANNULAR REGION 



Battery 


CASEnt METAL HYDRIDE in CENTER of BATTERY 


FIGURE 10 


METAL HYDRIDE-BATTERY INTEGRATION 





The lanthanum pentanickel hydride could perform success- 
fully from a thermal point of view in the battery system when 
positioned either as in Case i or Case II. 

Whether or not a hydride with a heat of reaction twice as 
great as lanthanum pentanickel would work satisfactorily in 
either case depends on the hydride's starting temperature and its 
rate of hydrogen supply at that temperature. 

The hydride's starting temperature could be high enough such 
that any temperature drop that occurs would result in lowered 
temperatures but still high enough that the hydride can supply 
hydrogen at sufficient rates at these lowered temperatures. For 
example, as seen in Figure 11, Case II, lanthanum pentanickel hy- 
dride could start producing hydrogen at 10°C and after five min- 
utes its temperature would be near 0“C. At 0®C its decomposition 
rate if3 still above the 1C battery rate as shown in Figure 6. 

Lanthanum pentanickel appears as the best material to be 
chosen for integration in metal-hydrogen batteries considering 
its thermal behavior, sufficient hydrogen supply rates, a; '' ap- 
parent tolerance to the battery environment. 


6. CONCLUSIONS 


The performance characterization shows that lantlianum pen- 
tanickel can operate in the battery environment. Contact with 
low concentration oxygen car be avoided by certain design modifi 
cations, for example with catalytic conversion of oxygen on 
platinum black. The other materials, vanadivun, columbium, and 
iron titanium are unlikely candidates because they exhibit poor 
tolerance to the presence of water vapor which will always be 
present in aerospace type me tal- hydrogen batteries. For very 
large me tal- hydrogen battery systems as might be used in ^oad 
leveling special provisions for water removal and hydride isola- 
tion might be feasible. 


The hydrogen supply rate from the decomposition of lantha- 
num pentanickel hydride is sufficient for metai-hydrogen battery 
operation in the 0-50°C teniperature range. The hydrogen capacity 
and cycling behavior of lanthanum pentanickel is confirmed. A 
hydride/battory integration seems feasible. The hcc'it of reaction, 
energy of activation, and an estimate of the decomposition rate 
constant have been obtained and confirmed with ILterarure values. 


Analysis 
positioned in 
heat balances 


of the thermal behavior of lanrhanuni pentanickel 
a possible battery arrangement indicates that the 
are favorable for operation. 
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A model that Involves the kinetic behavior of the lanthanum 
pentanickel hydride decomposition has been formulated. The qual- 
itative fit of the model to the data is excellent. All the impor- 
tant observations of hydride decomposition are accounted imd the 
model yields (within experimental error) a constant deccxrfi asition 
rate constant. The reduction of the measured rate by backpressure 
is also predicted. 

Extending this model to data at various temperatures and re- 
fining the data acquisition will result in excellent understanding 
of lanthanum pentanickel hydride behavior as well as other hydride 
materials. 

The possibility also exists that hydride forming materials 
that perform as well or better than lanthanum pentanickel may 
still be discovered. 





APPENDIX I 


Typical Battery Orbit Duty 


SHADOW (Dischorge) TIME, (min> 



ORBTT NUMBER ( 24 hr per orbit } 


FIGURE 12. TYPICAL BATTERY ORBIT DUTY 




Each orbit is 24 hr. in length, and the cells 
are alternately charged and discharged for a 
total of 48 cycles. The discharge period 
ranges froia zero on the first cycle to a maxi- 
mum of 74 min on the 24th cycle and returns to 
zero on the 48th cycle, in such a manner that the 
discharge time, as a function of cycle number, 
approximates a sinusoidal function. Upon com- 
pletion of these 48 cycles, the battery sees a 
135 day wet-stand period after which the 48- 
cycle discharge routine is repeated. 
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APPENDIX II 

Thermal Analysis of Metal Hydride/Metal Hydrogen 
Battery Integration 
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Case I - Metal Hydride in Annular Region (see Figure 9) 
Governing Equations; 


= UA(Tj 3 - Th) - Qj Eq. (7) 

WfaCpb ^ = UA(Tjj - Tb) - Eq. (8) 

dt 


where 


Mh,b = 

'^h,b ^ 

U 

A 

Qi 

Qz 


weight of hydride, battery 

specific heat of hydride, battery 

temperature of hydride, battery 

heat transfer coefficient 

heat transfer area 

heat of desorption of hydrogen 

heat generated by battery, discharge 


t = time 

and initial conditions, 

Tjj(t=o) = TqJj = initial hydride temperature 

Tjj(t=o) = TqJjj = initial battery temperature 

The analytical solution can be obtained either by simulta- 
neous first order differential equation methods or by 
LaPlace transforms. 

The analytical solution for the hydride temperature is; 


where 


hh = OA 


hb 


«h=ph 


UA 


Qh Q 1 


Qb 


h ph 


Q? 

*^pb 
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A, = hfaTph + hh'^ob " Oh ~ ^3 


i 1. __ K%“ 

' “^^oh " ” h„ + hjj 

Case lA: LaNi^ 

The solution for a lanthanum pentanickel representative 
hydride upon substituting typical values for the various 
parameters is given as ATj^ = (Tj^ - *^oh^ 

ATjj = -1.55 + 1.55e“^^^^ + 29,14t Eq. (10) 

(ATjj in ®C, t in hours) 

The typical parameter values chosen are as follows; for 
a 20 amp-hour metal-hydrogen battery. 

% 

battery heat generation = 2.163 x 10 J/hr 

lanthanum pentanickel hydride endothermic heat of 
reaction = 

1.124 X 10** J/hr (7.2 kca]/amoleH 2 ) 

Mjj = 0.318kg; = .536kg 

Cpb = 1.047 X 10 J/kg*K; Cph = 4.478 x 10 J/kg-K 
k„ = 6.542 X 10 W/m.K 

diameter of battery = 6.1cm 
height of battery (or hydride) = 5.1cm 
width of hydrogen gap = 0.89cm 
width of hydride = 0.13cm 
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Case IB: 2AH 


For a representative hydride with twice the heat of 
reaction, the heat of reaction would be 2.248 x 10** J/hr 
(14.4 kcal/mole H 2 ) and the solution becomes, 

AT = -2.91 + 2.917e“321t _2.38t Eq. (11) 


Case II - Metal Hydride in Center Position 


The temperature in the hydride will not be uniform 
during discharge in this case. However, we can consider a 
heat transfer coefficient U with the previous governing 
equations ; y lumping the temperature gradient into the heat 
transfer resistance by considering the steady state heat 
transfer analysis for the cylindrical section with constant 
Tb- 

The hydride resistance Rj^ was found to be 

^h _ radius of hydride section 
2k “ 

h 2 (thermal conductivity of the hydride) 

Hence the overall heat transfer coefficient U, is obtained 
from 

1 . 1 + fh 

U hfi^ 2kb 

Therefore the previous solution will hold with this value for 
U and the smaller area A. 


Case IIA: LaNis 


The solution for the hydride temperature becomes, for 
the lanthanum pentanickel heat value, 

ATj^ = -15.52 + 15.56e"^^*®^^ + 29.14t Eq. (12) 
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Case IIB; ?AH 


and £r>r the representative hydride double heat of reac- 
tion 

ATjj = -29,55 + 29.55e"^^-®^^ - 2,44t Eq. (13) 
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APPENDIX III 


Detailed Integration Features of Metal 
Hydride/20 A-hr Nickel-Hydrogen Electrode Stack 


The following figures illustrate the typical configuration 
of the integration of a metal-hydride with existing metal-hydro- 
gen batteries such as nickel-hydrogen. The two feasible positions 
described in the text are shown in more construction detail in 
Figures 13 and 14, including the positioning of a porous metal 
catalytic sponge for oxygen control. 

These integrations of the metal-hydride with the secondary 
metal-hydrogen batteries are recommended for construction and 
testing. 
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